Abstract-the popular use of biomedical implants has been going on in numerous applications that include the use of pacemakers and emerging retina prostheses, together with brain-computer interfaces. Other popular uses include drug delivery and smart orthopaedic implants. The avoidance of batteries or piercing wirings has made the wireless powering of these implantable devices highly attractive. In this paper, a design of a class-E power amplifier which has inductive loading appropriate for implant application was made using 130nm Silterra CMOS process at 2.4V supply. A presentation of high-Q on-chip inductors is made as a way of improving the efficiency of the wireless power transfer (WPT) system at 37.5MHz industrial, scientific and medical (ISM) band. Wireless power transfer efficiency of 59-89% is obtained for distance variation up to 10mm of the implant coil from the transmit power coil. DC voltage of more 3V is obtained for distance up to 10mm of the implant coil; and the on-chip implant inductor measures a smaller size of 10mm10mm making the design more suitable for the application of medical implant.
I. INTRODUCTION
A lot of implantable systems is being utilised in modern biomedical treatments since the integrated circuit technology was developed [1] . The sizes of medical implants operated with batteries are quite large; and the batteries are required to be replaced every 2 to 3 years through a 2-4 hour long surgery. An implant that can operate without the use of batteries will be an attractive alternative since the need for surgeries every time for the replacement of batteries is completely eliminated [2] .
Inductive coupling [3] [4] [5] makes available, higher power transfer merits and power control in contrast to the energy harvesting mechanisms' different methodologies being utilised in the powering up of implants like the piezoelectric or thermoelectric or ultrasound. There are numerous clear benefits of inductive power transmission when it comes to low risk of infection, the small size of the gadget, and its long lifetime, in contrast to power implants utilising cables or batteries [6] .
A wireless powering system used in biomedical implants is illustrated in Fig. 1 . Here, an external power transmitter is driving the transmitter coil which is located outside the human body so that a magnetic field can be created in order that energy can be supplied to the implantable electronic devices by way of inductive coupling. The transmitter is basically made of a switching power amplifier because of its high efficiency and due to the fact that linearity is not a primary concern in biomedical related communications. A rectification and regulation of the induced power at the secondary coil are made so that a clean supply can be made available for the onchip electronics. The Federal Communication Commission (FCC) devoted a number of frequency bands to be utilised for implant devices. Our work is designed for 37.5MHz ISM band [7] as it will require smaller inductive coil size than that required for 13.56MHz ISM band This paper focuses specifically on the powering of the implant using inductive link through on-chip implementation. Section II has a presentation of a high efficient class-E amplifier design, and high-Q on-chip inductive link design. Section III is the presentation of the results, and Section IV is the conclusion that is drawn. 
A. Class-E Power Amplifier Design
The design utilised Class-E power amplifier because of its simplicity since only one active device is needed. The theoretical efficiency of Class-E power amplifier is 100%. Additionally, constant amplitude modulation like that of the amplitude shift keying (ASK) and frequency shift keying (FSK), together with phase shift keying (PSK ) are all involved in biomedical implant data communication carrier signal. This is why linearity is unimportant. Fig. 2 shows an illustration of the Class-E amplifier design together with an inductive power transfer coupling followed by diode rectifier and capacitor filter. The class-E design is made up of a MOSFET transistor which has a shunt capacitor C1. The use of a shunt capacitor C1 is to ensure that zerovoltage switching (ZVS) is in place. This condition is needed for the use of the non-ideal MOSFET switch which the class-E power amplifier utilises. The shunt capacitor C1 is connected in parallel with a series load network RLC which is resonant tuned to achieve a constant current from the supply source and converts the digital input signal into a sinusoidal output. The periodic square wave signal drives the MOSFET transistor at 37.5MHz frequency. The class-E power amplifier design for the parameter values: output power, Po=1W; input frequency, f= 37.5MHz; supply voltage, VDD=2.4V; while the duty cycle of the input wave is 50% and amplitude at 1.5V. The following class-E amplifier design equations are utilised in carrying out the amplifier design [8] .
The transistor acts as a switch, and when it is ON the load resonance is set by series combination of R-L-C components. When the transistor is OFF, then the combination R-L-C-C1 determines the resonance. Therefore, there are two resonant frequencies exists at the load and the input frequency should fall between the two resonant frequencies. As such, the parameter values of the designed class-E power amplifier are listed in Table 1 . 
B. Inductive Wireless Power Transfer Link Design
Efficient and optimum size of wireless power transfer link is very important. An overall implant dimension up to 250mm 2 [9] is allowed in medical requirement. Therefore, an implant coil of size 10mm10mm is proposed in this design as shown in Fig. 3 . The transmitter coil and implant coil acts like the primary and secondary of the transformer with inductive coupling among them. The coupling efficiency of inductive power transfer link is given as [10] :
where k is the coupling coefficient between the coils, QP and QS are the Q-factor of the transmitter and implant coils, respectively. Equation (5) reveals that the link efficiency can be improved by enhancing the value of k or Q-factor or both. At lower number of turns the coupling coefficient k is small, and at higher number turns the Q-factor becomes poor; and therefore an optimum of five turns is chosen for both coils. Also, the turns-width and spacing between them have direct impact on the parasitic resistance and capacitance of the coil; which in turn affect the Q-factor. Therefore, 400µm turnswidth; 100µm spacing between turns is designed in this work. Also, the thickness of each coil is 30µm. Thus, the coil dimension is chosen to provide optimum values for both the Q-factor and coupling coefficient k which will increase the power transfer efficiency of the link. For the purpose of full wave rectification, implant coil has been centre-tapped. The designed inductive power transfer link of Fig. 3 was simulated using the Momentum tool of Advanced Design System (ADS, Keysight EEsof EDA, Santa Rosa, CA, USA). The inductance of transmit and implant coils as a function of frequency is shown in Fig. 4 . Large inductances of more than 150nH and 250nH are obtained in the design for transmit and implant coils, respectively. Such large values are necessitated to resonant tune the coils at 37.5MHz power transfer frequency in this design. It can also be seen that the inductance values changes as the distance D between the coils changes; this is because of the change of mutual inductances between coils.
The Q-factor of transmit and implant coils as a function of frequency is shown in Fig. 5 . Relatively high Q-values of ~35 and ~53 are obtained for transmit and implant coils, respectively at 37.5MHz. Such a high values for Q are necessitated to increase the power transfer efficiency as defined by Eqn. (5) . It can be seen from the graph that the Q value is smaller when the distance D is 1mm and it increases when the distance D increases to 10mm; this is because of the parasitic capacitance between the coils which decreases when the distance increased. Fig. 6 shows the coupling coefficient k as function of frequency for changes in the distance D between transmit and implant coils. The k values of 0.44, 0.16 and 0.075 are obtained for the distance D of 1mm, 6mm and 10mm respectively. The k values remain relatively constant over frequencies; however, it decreases as the distance D increased. This is due to the decrease in magnetic flux as per distance from the coils.
The inductive power transfer efficiency of the designed link is compared in Fig. 7 . High efficiency of 89% is achieved for 1mm distance between the coils; and it decreases to 77% and 59% when the distance increased to 6mm and 10 mm, respectively. Comparison of wireless link design parameters is shown in Table 2 . It can be seen that the proposed power transfer link have small coil size and less number of turns with comparable efficiency. 
III. SIMULATION RESULTS
The wireless power transfer link design values extracted from ADS is imported to the Cadence (Cadence Design System, San Jose, CA, USA) tool as a touchstone file to perform the simulation of the circuit of Fig. 2 , which was designed using Silterra 130nm CMOS PDK (Silterra, Kulim, Kedah, Malaysia) process technology; and the voltage waveforms obtained at different nodes are depicted in Fig. 8 through Fig. 10 . The output voltage (across transmit coil) of the class-E power amplifier is shown in Fig. 8 whereby a high voltage of more than 50V is obtained. Class-E amplifier develops high output voltage than the other classes of amplifier operation, and that is why the power amplifier driver for this implant application is designed in class-E operation.
The output voltage (across implant coil) of the power transfer link is shown in Fig. 9 . As it can be seen, this voltage is lower than the voltage across the transmit coil based on the efficiency of the power transfer link and output loading conditions. The voltage decreases as the distance D is increased. Voltage of 26V obtained at D=1mm, and it is 7.5V and 3.35V at D=6mm and 10mm, respectively. The decrease in voltage with D is due to the decreased power transfer efficiency of the inductive link.
The induced voltage at the implant coil is rectified via a full-wave rectifier to convert AC into DC voltage; and then filtered by the capacitor to smoothen the ripples. The filtered DC voltage is shown in Fig. 10 for different values of distance D between transmit and implant coils. DC voltage of ~3V, ~6V and ~20V are obtained for distance of 10mm, 6mm and 1mm, respectively. Since a 3V supply can stimulate the sensors and actuators of most of the implant devices, the designed wireless power transfer system with the class-E driver can be used in most medical implant applications. The feasibility of designing, simulating, analysing of wireless power transfer through the inductive connection for implantable medical devices has been undertaken. The presentation of a class-E amplifier design process has been made with the amplifier providing high output voltage for inductive load making it a best candidate for the application of wireless power transfer. The design of on-chip inductor which has demonstrably high-Q values is made in order that the coupling system link-efficiency can be maximised. Using an on-chip implant inductor coil of size 10mm 10mm and with 1kΩ resistive load, power transfer efficiency of 59% is achieved at 10mm distance of the implant from the transmitter coil. The results demonstrated that for the body tissue's 1mm to 10mm distance range, the transmitter coil and implant receiver coil; the more than 3V voltage received by the load is sufficient enough to effectively stimulate the implant devices. Further work in the future on this topic needs to focus on the size reduction of the on-chip implant inductor and the efficiency of transferring power through wet tissues, as well as maximising the tissues thickness in order that enough energy is delivered without resorting to inputting excessive power. In this way, overheating the tissues will be avoided. 
